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Abstract 
Pedestrian excitation varies at both contact position and amplitude with time. The structural vibration induced by 
pedestrian excitation may cause human beings’ uncomfortableness, even damage the structures sometimes. A method 
of analyzing pedestrian excitation concerning human weight, people’s step-frequency and escalator velocity is 
introduced. Concerning both vertical and lateral load effects of human walking simultaneously, the structural 
dynamic response is analyzed using the Newmark Method. As an application project, the dynamic response of a 
large-span escalator under pedestrian excitation is calculated and the human comfortableness level is determined.
© 2011 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of [CEIS 2011] 
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Introduction 
Recently, as the development of design method and the use of new materials, many spatial large-
span truss structures such as footbridges and escalators come to use. The natural frequencies of those 
structures are always very low. The human loads may induce excessive vibration to those structures 
which could cause the uncomfortableness of human beings. In the field of bridges and buildings, there are 
many design criterions concerning the structural dynamic response in the vertical direction, e.g. the 
famous Britain bridge criterion BSI5400 (1978) [1]. Many researchers proposed their methods for 
analysing the pedestrian excitation and the dynamic response of structures under human activities, e.g. 
Song with maximum acceleration response spectrum method. [2]~[7] Although it is the consensus that the 
pedestrian excitation should be considered when designing bridges and constructions, very limited 
research had been done about the effects of the pedestrian excitation on mechanical structures. The main 
reasons include the complexities of mechanical structures, the difficulty of simulating pedestrian 
excitation and the variability of structural working conditions. Moreover, there are no general criterions to 
evaluate the human comfortableness level on mechanical systems. Some type of escalators have a large 
span (over 40m), the mechanical structures of them take the form of spatial truss structure supported at 
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both endpoints vertically, with low natural frequency. Concerning both vertical and lateral pedestrian 
excitation simultaneously, this paper presents a method to predict the dynamic response of mechanical 
* Corresponding author: Xian-rong QIN.  Tel: (86)13917617580. 
E-mail address: tjqin@tongji.edu.cn. 
structures to human walking in time domain, and to evaluate the human comfortableness level of such 
escalators.
1. Pedestrian excitation 
The up and down of the body’s gravity center when human walking will produce periodic vertical 
load. The frequency of vertical load equals to the step frequency. While the lateral load comes from the 
process of the exchange of the two feet stepping on the ground, the body’s gravity center swings left to 
the right like the character Z. So the frequency of lateral load is half of the human step frequency [4].
Bishop’s researches showed that, when people walk on the plane ground, the step frequency varies from 
1.6Hz to 2.2Hz, when people walk up or down the stairs, 2Hz is the most comfortable step frequency [7].
According some researches, Fourier series can be used to construct the pedestrian excitation model, as 
follows: 
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Where: Fv(t) denotes the vertical load; Fl(t) is the lateral load; W is human weight
 [8]; fp is human step 
frequency; t is time; 
livi αα ,  is the i 
th order harmonic dynamic factor; 
livi ϕϕ ,  is the i 
th order phase angle. 
Relevant literature [4] shows that, the energy of excitation mainly concentrates in the low frequency range. 
For this paper the first four orders of harmonic dynamic factors are adopted.   
2. Dynamic response analysis theory 
The finite element transient method is applied to analyze the dynamic response of structures under 
pedestrian excitation. The mass matrix, stiffness matrix and damping matrix are constructed by Finite 
Element Method. Within the calculation procedure, the time series are firstly obtained, then the load 
amplitudes are obtained at each time instant, at last the load contacting positions are also obtained. At 
each time instant, put the relevant load amplitude on the corresponding location, and then calculate the 
dynamic response of the structures with direct integration method. The dynamic equation of the vibration 
analysis induced by human activities is given by: 
PKuuCuM =++ 		                                                                              (2) 
where: M、C、K is the mass, stiffness and damping matrix respectively; u is the response. The load 
P(x,t) induced by human walking continuously is a function of time t and position x, as defined in 
equation3:  
)()(),( txtx FδP =                                                                                 (3) 
where: F is the amplitude of pedestrian excitation; δ is the Dirac-δ function, a function of pedestrian 
excitation impacting position x. The impacting position of pedestrian excitation could be obtained by the 
following equation:  
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where lΔ means the two continuous load impacting positions; ve is the escalator velocity; vp is the human 
walking velocity; Δt is the time interval between two contiguous steps. The pedestrian excitation is a 
function of time; the amplitude and impacting position change over the time. The simulation and loading 
3252  Xian-rong QIN et al. / Procedia Engineering 15 (2011) 3250 – 3254 i nr  I / Procedia Engineering 00 (20 1) 0 0–000  
method of pedestrian excitation can be demonstrated by Fig 1. The basic thought is: as time progressing, 
human body walks continuously on the escalator, the contact location between foot and the escalator 
changes, and at the same time the load effects also changes.  
Fig.1 Loading flowchart 
3. Application project 
Capital escalators used for superstores have the height of 20m, and the span of 46m. Assuming 
human body weight W=70kg; human step frequency was 2Hz; escalator velocity was 0.7m/s. The finite 
element model of the escalator’s mechanical structure is constructed by spatial beam element. Table 1 
gives the modal parameters of the escalator, calculated by a finite element analysis code.  
Table1 Natural frequency of the escalator 
Order Frequency/Hz  Mode shape 
1st  1.34 1st  lateral bend 
2nd  2.15 2nd vertical bend 
3rd 2.85 2nd lateral bend 
4th 3.63 1st twist 
5th 4.81 3rd lateral bend 
6th 6.12 2nd twist 
It is evidently perceived in Table 1 that there are three lateral modes. The lateral vibration could be 
stirred up very easily. In addition, the frequencies in the pedestrian excitation model are close to the 
structural natural vibration frequencies. According to the research of Yuan [4], the dynamic factors as 
defined in Equation 2 are related to human step frequency. When the human step frequency is 2Hz, the 
dynamic factors are: 04.0,12.0,1.0,37.0 4321 ==== vvvv αααα ; 043.0,01.0,039.0 321 === lll ααα ,
012.04 =lα . The phase angle is simulated by random numbers. Time histories of pedestrian excitation 
according to Equation 2 could be constructed. With the proposed method, the dynamic response of the 
escalator mechanical structure under human walking is obtained. The displacement and acceleration time 
history results of the node at midspan are demonstrated in Fig2 and Fig3. It takes 26s for people to fulfil 
his trip on the escalator. It is discovered in Fig 2 that when the time moment is 12s, the vertical and lateral 
displacement of the escalator structure are the largest. When people stand in the midspan on the escalator, 
the static displacement of the escalator should be larger than other positions, which is proved in Fig 2. So 
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the peak acceleration of vibration at that moment should be larger relevantly. Take the acceleration 
response for spectral analysis, the acceleration response spectrum curves are displayed in Fig 4.  
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(a) Vertical Acceleration
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(b) Lateral Acceleration
            Fig.2 Displacement time history at mid span                                       Fig.3 Acceleration time-history at mid span 
Fig.4 Acceleration spectra at mid span 
The structural lateral vibration frequencies are 1.3Hz, 3Hz and 6Hz, while the vertical vibration 
frequencies are 2Hz and 6Hz showed in Fig4. These frequencies are all the natural frequencies of the 
structure, which explained that there is excessive vibration stirred up by pedestrian excitation. Human 
beings are sensitive to the vertical vibration at frequency 4~8Hz and lateral 1~2Hz stated in criterion [8]. 
It is necessary to check the maximum acceleration response of the structure if the vertical natural 
frequency is smaller than 5Hz[5]. Studies show that, when the lateral vibration frequency varying in 
1~2Hz, the maximum lateral response acceleration should be smaller than 0.11m/s2. For this case, the 
natural frequency of the escalator is 1.34Hz. According to the BSI criterion the maximum vertical peak 
acceleration: 2
lim /58.05.0 smfa == . In the dynamic response results, the maximum vertical 
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acceleration is 0.008m/s2, the maximum lateral acceleration is 0.005m/s2. So people would not feel 
uncomfortable according the BSI criterion. But at the same condition, the lateral vibration acceleration is 
more close to the critical value than the vertical vibration, which also proves that people are more 
sensitive to lateral vibration mentioned in criterion [8].   
4. Conclusion 
The dynamic response of structure under pedestrian excitation is analyzed through the time history 
analysis method, and the structural displacement and acceleration response are both obtained. The results 
demonstrate the dynamic response time histories, and could provide data for spectral analysis. The main 
vibration frequencies of the structural dynamic response are also obtained by the acceleration spectral 
analysis.
（1）The lateral stiffness is weaker than the vertical stiffness obviously for large span escalators. The 
lateral natural frequency is always very low, which may make the peak acceleration exceed the critical 
value;  
（2）The main effect of the pedestrian excitation is in vertical direction, because the vertical load is 
bigger than the lateral load obviously. At the same condition, the lateral vibration could arouse the 
uncomfortableness of human beings more easily, which gives new requesting for structural design;  
（3）When analyse the large span escalators’ structural dynamic response, both vertical and lateral 
vibration should be considered, and the evaluation of other structural characters should be based on the 
dynamic response.  
Acknowledgement 
It is a project supported by the High-Tech Research and Development Program of China (863 
Program) (2009AA043000) and Natural Science Foundation of China (51075304) and (50975207). 
References 
[1] Michael Willford, Peter Young, Caroline Field. Improved Methodologies for the Prediction of Footfall-Induced Vibration [J]. 
Buildings for Nanoscale Research and Beyond,2005,5933:1-12 
[2] SONG Zhi-gang, JIN Wei-liang. Peak acceleration response spectrum of long span floor vibration be pedestrian 
excitation[J].Journal of Building Structures,2004,42(1):48-53.  
[3] YUAN Xu-bin. Research on Pedestrian-induced Vibration of footbridge [M].Shanghai: School of Civil Engineering, Tongji 
University, 2006. 
[4] SUN Li-min, YAN Xing-fei. Human Walking Induced Footbridge Vibration and Its serviceability Design [J]. JOURNAL OF 
TONGJI UNIVERSITY (NATURAL SCIENCE), 2004, 32(8): 996-999. 
[5] JIAN Fang-liang, WU Ding-jun, LI Qi. The vibration analysis induced by pedestrian of the Shanghai Hongqiao Station 
pedestrian corridor [J]. JOURNAL OF VIBRATION AND SHOCK, 2010, 29(8): 136-140. 
[6] LI Hao, JIAN Fang-liang, Human-Induced Vibration Under Walking Crowd Excitation [J]. Journal of South China University 
of Technology (Natural Science Edition), 2010, 38(4): 125-130. 
[7] S.C.Kerr, N.W.M.Bishop. Human induced loading on flexible staircases [J]. ENGINEERING STRUCTURES, 2001, 23: 37-45. 
[8] The People’s Republic of China national Standards. GB/T 13441—92. Human body vibration environment of measurement 
specification[S]. National bureau of Technical Supervision: The national Mechanical Vibration and Shock Standardization 
Technical Committee, 1992. 
